Abstract
Introduction

14
It has been recognized lately that uncertainty quantification for neutronics parameters in nuclear fission 15 reactors are quite important in order to assure their reliability and to improve safety margin (Bratton, using nuclear data σ j , (j = 1, ..., J), where j represents a nuclide, a type of reactions and an energy group of 48 the nuclear data. These nuclear data are considered as probability variables in Gaussian distribution, and 49 each of them has its own expectationσ j and variance V σj . Now we produce I sets of nuclear data which 50 are randomly distributed based on their probability distributions, and perform criticality calculations with 51 these nuclear data sets. Then we obtain a statistical distribution for k. Its expectation is written ask here.
52
Deviation of k calculated from the ith set of nuclear data, denoted as k i , tok can be written in the first
This equation can be written in a simple matrix-vector form as
where V k,σ is a sample covariance vector between k and σ, V σ,σ is a sample covariance matrix of nuclear 
63
If the matrix V σ,σ is nonsingular, Eq. (4) can be easily solved and the sensitivity vector is obtained as
Generally the nonsingularity of V σ,σ is not assured. In such cases, infinite number of solutions for S 
Doing the same procedure as used to obtain Eq. (2), we obtain 
This equation can be written in a matrix-vector form as
where B is a vector defined as the second term of the right hand side of Eq.(8).
86
Now we perform reverse random sampling calculations with I sets of nuclear data in which the ith sample 
This equation can be written as
4 for sensitivity vector as
Nuclear data-wise uncertainty estimation
93
In the random sampling-based uncertainty quantification, only total uncertainties can be quantified. If 94 sensitivity profiles of output quantities with respect to each nuclear data are available, partial uncertainty 95 induced by uncertainty of specific nuclear dataσ can be also quantified by using the simple uncertainty 96 propagation law as
where T denotes a matrix transpose and V 
This expression is quite practical since the partial uncertainty can be quantified only from a sample covariance 102 vector between k and the specific nuclear data. Similar expression for V k σ is also available when one applies 103 the reverse sampling method to the sensitivity profile estimations. 
Target neutronics parameters and numerical method
105
In the present study, we attempt to estimate sensitivity profiles of criticality (the effective neutron mul-106 tiplication factor) with respect to nuclear data for the following three fast neutron systems. The geometrical 107 specification and nuclide number densities of the compositions are taken from the ICSBEP handbook (Briggs, 108 2006). The notations adopted in the ICSBEP handbook are also shown in the following list.
109
• Jezebel (PU-MET-FAST-001): A bare sphere of plutonium (95at% Pu-239).
110
• Godiva (HEU-MET-FAST-001) : A bare sphere of high enriched (94wt%) uranium.
111
• Flattop-25 (HEU-MET-FAST-028): A high enriched uranium sphere surrounded by a normal uranium 112 reflector.
113
All the numerical calculations are performed with a multi-purpose reactor physics calculation code system 114 CBZ, which is being developed at Hokkaido university. The CBZ code system has been well validated through 115 a post-irradiation examination analysis (Kawamoto, 2012 
Numerical results
127
In the subsection 2.1, covariance data and sensitivity profiles are defined as absolute values for simplicity.
128
On the other hand, in this section, all these quantities are defined as relative values. 
135
As shown in Eq. (6), sensitivity profiles can be estimated from the sample covariance of nuclear data.
136
First we observe dependence of accuracy of estimated sensitivity profiles on the number of samples. shows sensitivity profiles of the Godiva criticality to uranium-235 fission cross section calculated with Eq. (6).
138
The y-scale is multiplied by 0.25 since the lethargy width of all the energy groups shown in this figure is 0.25.
139
While sensitivity profile estimations with 100 samples result in some fluctuations in whole energy range, 140 sensitivity profiles estimated from 400 samples agree quite well with the references and no fluctuations are 141 observed.
142
If the true covariance matrix of nuclear data can be used instead of the sample covariance, it would 143 be better from a view point of computational burden since we do not have to calculate and store the 144 sample covariance matrix for nuclear data when performing random sampling calculations. considered, it is difficult to reproduce the reference sensitivity profiles by the random sampling-based method.
147
It is due to a large difference between a sampled covariance matrix and a true one. 
Reverse sampling method to mitigate high order effect
158
The covariance factorization tested in the preceding subsection has a demerit and the reverse sampling 159 method is more preferable as described in subsection 2.1 because the reverse sampling method does not 160 change the nuclear data covariance matrices. since Flattop-25 is a highly-enriched uranium core surrounded by depleted uranium, twelve nuclear data, six 174 for uranium-235 and six for uranium-238, are considered. In other words, we prepare sets of cross section 175 data in which twelve nuclear data are randomly determined. We use the 70-group structure for nuclear 176 data representation, so the sizes of the whole covariance matrices for nuclear data are 420 for Godiva and
177
Jezebel and 840 for Flattop-25. For consistent comparisons in sensitivity profiles, we use 400 samples for is employed to all the calculations in this subsection.
180
Figure 5 shows sensitivity profiles of Godiva criticality to uranium-235 nuclear data. For all the six nuclear data, the proposed method reproduces well the reference sensitivity profiles with some fluctuations.
182
In comparison with the sensitivity profile shown as 'w reverse sampling' in Fig. 4 , the sensitivity profile covariance matrix between neutronics parameter and nuclear data, has been also tested and assessed.
235
The following subjects still remain for future studies.
236
• When one considers various kinds of nuclear data, the size of the nuclear data covariance matrix 237 becomes huge and a large computer memory to store the sample covariance matrix is required. One given in the original nuclear data.
240
• It is required to quantitatively estimate how reliable estimated sensitivity profiles are.
241
• The efficiency of the reverse sampling method should be further discussed from a view point of esti-242 mation of statistical information through random sampling. 
